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Abstract 

Polypyrrole  (PPy)  nanotubes  were  synthesized  by  using  the  complex  of  methyl  orange  (MO)/FeCl3  as  a  template.  Then  the  core-shell  polypyr¬ 
role/polyaniline  (PPy/PANI)  composite  was  prepared  by  in  situ  chemical  oxidation  polymerization  of  aniline  on  the  surface  of  PPy  nanotubes. 
The  morphology  and  molecular  structure  were  characterized  by  transmission  electron  microscopy  (TEM),  infrared  spectroscopy  (IR)  and  X-ray 
diffraction  (XRD).  TEM  images  confirmed  that  the  composite  was  core-shell  nanotubes.  The  electrochemical  properties  of  the  PPy/PANI  compos¬ 
ite  electrode  were  investigated  by  cyclic  voltammetry  (CV),  galvanostatic  charge-discharge  and  electrochemical  impedance  spectroscopy  (EIS). 
The  electrochemical  experiments  showed  that  the  specific  capacitance  of  the  PPy/PANI  composite  was  416Fg_1  in  1  M  H2S04  electrolyte  and 
291  Fg_1  in  1 M  KC1  electrolyte.  Furthermore,  the  composite  electrode  exhibited  a  good  rate  capability  and  maintained  91%  of  initial  capacity  at 
a  current  density  of  15  mAcm-2  in  1  M  H2S04  electrolyte. 

©  2007  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Electrochemical  supercapacitors  are  a  kind  of  energy- storage 
devices  between  conventional  capacitors  and  batteries,  which 
have  various  applications  in  electric  vehicles,  cellular  communi¬ 
cation  devices,  portable  computers  and  nano-electronics  [1-4]. 
Based  on  the  charge-storage  mechanism,  supercapacitor  can 
be  classified  into  two  categories:  (1)  electrochemical  double¬ 
layer  capacitors,  which  is  derived  from  charge  separation;  (2) 
redox  capacitors,  which  is  due  to  the  redox  reactions  through 
the  volume  of  the  material  rather  than  just  at  the  outer  sur¬ 
face  of  particles  [5].  In  general,  the  energy  density  of  redox 
capacitors  consisting  of  transition  metal  oxides  and  conducting 
polymers  is  higher  than  that  of  double-layer  capacitors  com¬ 
posed  of  carbon  materials.  Hence,  more  and  more  researchers 
focused  on  studying  the  synthesis  and  electrochemical  prop¬ 
erties  of  electrically  conducting  polymers  (ECPs)  including 
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poly  aniline,  polypyrrole,  poly  thiophene  and  their  derivatives, 
which  represent  promising  electrode  materials  for  the  applica¬ 
tion  of  supercapacitors  due  to  their  high  specific  capacitance 
[6-12].  However,  these  conducting  polymers  are  used  in  dif¬ 
ferent  electrolytes  to  obtain  a  higher  specific  capacitance,  for 
example,  the  favored  electrolytes  for  polyaniline  are  usually 
acidic  solution  [6,13,14],  whereas  polypyrrole  and  polythio¬ 
phene  exhibit  ideally  capacitance  behavior  in  neutral  and  basic 
electrolytes  [15-17].  Therefore,  to  develop  the  composite  elec¬ 
trode  material  for  supercapacitors  is  a  possible  route  to  satisfy 
the  requirements  of  technology  application  in  different  medium. 
Very  recently,  Xu  et  al.  [18]  reported  the  synthesis  of  poly(3,4- 
ethylenedioxythiophene)/polypyrrole  composite,  and  proved 
that  the  composite  was  an  ideal  electrode  material  in  1  M  KC1 
electrolyte. 

In  this  work,  the  core-shell  PPy/PANI  composite  was  suc¬ 
cessfully  achieved  by  in  situ  polymerization  of  aniline  on  the 
surface  of  PPy  nanotubes.  More  important  aim  was  to  obtain 
a  new  composite  electrode  with  good  electrochemical  per¬ 
formance  in  both  acidic  and  neutral  electrolytes.  Therefore, 
its  capacitive  behavior  in  two  electrolytes  was  systematically 
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examined  by  cyclic  voltammetry  (CV),  galvanostatic  charge- 
discharge  and  electrochemical  impedance  spectroscopy  (EIS). 
The  results  showed  that  the  PPy/PANI  composite  had  potential 
application  for  supercapacitors  in  the  acidic  and  neutral  elec¬ 
trolytes  due  to  the  combination  of  the  complementary  properties 
of  PPy  and  PANI. 

2.  Experimental 

2.1.  Materials 

Aniline  (AN,  analytical  purity,  Beijing  Chemical  Reagent 
Co.,  China)  and  pyrrole  monomer  (Py,  99%,  Aldrich  chemical 
Co.)  were  purified  through  distillation  under  reduced  pressure 
and  stored  refrigerated  before  use.  All  other  chemicals  includ¬ 
ing  ferric  chloride  (FeCl3),  ammonium  persulfate  ((NH4)2S20s, 
APS)  and  methyl  orange  (MO),  were  analytical  purity  and  used 
as  received  without  further  treatment.  All  the  solutions  were 
prepared  using  de-ionized  water. 

2.2.  Synthesis  of  PPy  nanotubes  and  PPy/PANI  composite 

The  PPy/PANI  composite  was  prepared  by  two-step  proce¬ 
dure.  The  synthesis  of  PPy  nanotubes  used  as  the  template  in  this 
work  was  similar  to  the  literature  [19].  The  difference  between 
the  two  syntheses  was  that  the  reaction  condition  in  our  exper¬ 
iment  was  under  static  condition  in  a  lower  temperature.  In  a 
typical  process,  an  appropriate  amount  of  FeCl3  was  dissolved 
in  5  mM  methyl  orange  (MO)  de-ionized  water  solution  (60  mL). 
A  flocculent  precipitate  appeared  immediately.  After  stirring  for 
30  min,  2 10  jjlL  pyrrole  was  slowly  added  into  the  above  solution 
in  10  min,  and  then  left  under  static  condition  for  24  h  at  —  5  °C. 
The  black  precipitate  was  filtered  and  washed  with  de-ionized 
water  and  ethanol,  then  dried  under  vacuum  for  24  h  at  50  °C. 

The  PPy/PANI  composite  was  prepared  by  in  situ  chemi¬ 
cal  oxidation  polymerization  according  to  the  following  steps. 
0.05  g  PPy  nanotubes  was  dispersed  in  0.2  M  H2SO4  (45  mL) 
and  ultrasonicated  for  15  min,  then  transferred  into  an  ice-bath. 
5  mmol  aniline  monomer  was  added  to  the  above  suspension  and 


further  stirred  for  30  min  so  that  aniline  was  uniformly  adsorbed 
on  the  surfaces  of  PPy.  0.2  M  H2SO4  (5  mL)  containing  1.14  g 
APS  was  slowly  added  drop  wise  into  the  suspension  in  10  min 
with  constant  mechanical  stirring.  The  reaction  was  carried  out 
under  static  condition  for  an  additional  24  h  at  —  5  °C.  The  result¬ 
ing  dark  green  suspension  was  obtained  after  filtration,  washing 
and  drying  under  the  same  condition. 

2.3.  Structure  characterization 

The  TEM  images  were  obtained  by  using  a  Hitachi-600 
microscope.  Infrared  spectra  (IR)  were  obtained  with  BRUKER- 
EQUINOX-55  IR  spectrometer  in  the  range  of  3500-500  cm-1 . 
The  samples  were  prepared  in  KBr  pellets.  The  X-ray  powder 
diffraction  (XRD)  patterns  of  the  obtained  samples  were  char¬ 
acterized  by  using  the  M18Xce  X-ray  diffractometer  with  Cu 
Ka  radiation  (A  =  0.154056  nm),  employing  a  scanning  rate  of 
10°  min-1  in  the  20  range  of  5-60°. 

2.4.  Electrochemical  tests 

The  electrode  of  the  PPy/PANI  composite  was  prepared  by 
mixing  85  wt.%  active  materials  (3  mg),  10wt.%  carbon  black 
and  5  wt.%  polytetrafluoroethylene  (PTFE).  Then  the  mixture 
was  pressed  on  the  graphite  electrode  (1  cm2)  as  a  current  col¬ 
lector.  Subsequently,  the  electrode  was  dried  at  50  °C  for  4h 
before  use.  The  PPy  and  PANI  electrodes  were  also  prepared 
according  to  the  above  procedure,  and  the  mass  load  of  every 
sample  is  3  mg.  The  electrolytes  were  1  M  H2SO4  and  1  M  KC1. 

The  electrochemical  behavior  of  the  composite  electrode 
was  evaluated  by  cyclic  voltammetry  (CV),  galvanostatic 
charge-discharge  and  electrochemical  impedance  spectroscopy 
(EIS)  techniques.  All  electrochemical  experiments  were  carried 
out  in  a  three-electrode  glass  cell,  a  platinum  counter  elec¬ 
trode,  and  a  standard  calomel  reference  electrode  (SCE).  CV 
and  galvanostatic  charge-discharge  tests  were  performed  in  the 
potential  window  ranged  from  —0.2  to  0.8  V  (vs.  SCE)  using  a 
CHI660A  electrochemical  working  station.  EIS  measurements 
were  performed  at  open-circuit  potential  by  using  an  AUTO- 


Fig.  1.  TEM  images  of  (a)  PPy  and  (b)  PPy/PANI  composite. 
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Fig.  2.  Polymerization  of  pyrrole  and  preparation  of  PPy/PANI  composite. 


LAB  PGSTAT30.  Data  were  collected  in  the  frequency  range  of 
l(T2tol05Hz. 

3.  Results  and  discussion 
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Fig.  4.  XRD  patterns  of  PPy,  PANI  and  PPy/PANI  composite. 


3.1.  Morphology  and  formation  process 

Fig.  1  shows  the  TEM  images  of  PPy  and  PPy/PANI  com¬ 
posite.  It  was  clear  that  PPy  was  nanotube  shape  and  about 
150-300  nm  in  diameter  (Fig.  la).  However,  it  was  observed  in 
Fig.  2b  that  the  composite  was  the  typical  core-shell  structure, 
and  PPy  acted  as  the  “core”  via  the  hard  template.  The  aniline 
monomer  was  uniformly  polymerized  on  the  surface  of  PPy  and 
formed  a  shell  of  the  composite.  From  Fig.  lb,  it  can  be  evalu¬ 
ated  that  the  diameter  of  the  composite  was  around  300-500  nm. 
According  to  the  TEM  images,  the  possible  formation  process 
of  the  composite  is  given  in  Fig.  2. 

The  IR  spectra  of  PPy,  PANI  and  PPy/PANI  composite  are 
presented  in  Fig.  3.  The  main  characteristic  peaks  of  PPy  were 
assigned  as  follows:  the  bands  at  1540  and  1446  cm-1  were 
attributed  to  the  pyrrole  ring  vibration.  The  bands  located  at 
1305  and  1090  cm-1  were  ascribed  to  the  =C— H  in-plane  defor¬ 
mation,  while  other  bands  at  1156  and  964  cm-1  reflected  the 
C— N  stretching  vibration  and  the  =C— H  out-of-plane  vibration, 
respectively.  The  results  were  in  agreement  with  the  litera¬ 
ture  values  [19,20].  The  peaks  of  PANI  at  1575,  1491,  1297 
and  1108  cm-1  corresponded  to  C— C  stretching  mode  of  the 
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Fig.  3.  IR  spectra  of  PPy,  PANI  and  PPy/PANI  composite. 


quinoid  rings,  C=C  stretching  mode  of  the  benzenoid  rings, 
C— N  stretching  mode  and  N=Q=N  (Q  represents  the  quinoid 
ring),  respectively.  Compared  with  the  corresponding  charac¬ 
teristic  peaks  of  PPy  and  PANI,  it  could  be  evidently  seen  from 
Fig.  3  that  IR  spectrum  of  the  PPy/PANI  composite  reflected 
the  mutual  influence  of  PANI  and  PPy.  But  some  spectroscopic 
differences  in  the  peak  intensity  and  position  revealed  that  there 
was  interaction  between  PANI  and  PPy  instead  of  a  simple  blend 
of  the  two  polymers. 

Fig.  4  shows  the  X-ray  diffraction  patterns  of  PPy,  PANI  and 
PPy/PANI  composite.  The  XRD  pattern  of  PPy  exhibited  the 
broad  and  weak  reflection  located  in  the  range  of  15-30°,  which 
were  the  characteristic  peak  of  amorphous  PPy.  However,  in  the 
XRD  pattern  of  PANI,  several  peaks  centered  at  20  =  5°,  21°  and 
25°  were  ascribed  to  the  periodicity  parallel  and  perpendicular 
to  the  polymer  chains  of  PANI,  respectively  [21].  This  indicated 
that  PANI  had  higher  crystalline  in  comparison  with  PPy.  For 
the  PPy/PANI  composite,  it  had  a  similar  structure  to  PANI, 
implying  that  amorphous  PPy  had  indistinctive  effect  on  the 
crystal  structure  of  PANI.  So,  it  suggested  that  the  crystalline 
of  the  composite  was  enhanced  by  the  introduction  of  PANI.  It 
was  a  possible  reason  that,  when  PANI  was  adhered  to  PPy  via 
polymerization  of  aniline  on  the  surface  of  amorphous  PPy,  the 
molecular  chain  of  PANI  was  confined. 

To  evaluate  the  electrochemical  characteristics  of  the  elec¬ 
trode  for  supercapacitors,  current-potential  response  was 
employed  to  investigate  the  effect  of  the  electrolyte  on  the  elec¬ 
trochemical  performance  at  the  potential  window  from  —0.2 
to  0.8  V  versus  SCE.  Fig.  5  illustrates  the  CV  curves  of  PPy, 
PANI  and  PPy/PANI  composite  electrodes  measured  in  1  M 
H2SO4  electrolyte  and  1 M  KC1  electrolyte  at  a  scan  rate  of 
5mVs-1.  From  Fig.  5a  and  b,  some  important  information 
could  be  noticed.  The  CV  curves  of  PPy  were  similar  in  the 
acidic  and  neutral  electrolytes,  and  revealed  a  little  deviation 
from  a  rectangular  form,  whereas  some  considerable  differences 
were  observed  for  the  PPy/PANI  composite  electrode  in  the  two 
electrolytes.  The  peak  currents  of  the  composite  in  acidic  elec¬ 
trolyte  were  relatively  higher  than  those  in  neutral  electrolyte, 
implying  that  the  specific  capacitance  of  the  composite  in  acidic 
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Fig.  5.  CV  curves  of  PPy,  PANI  and  PPy/PANI  composite  electrodes  at  5  mV  s  1  in  (a)  1  M  H2SO4  electrolyte  and  (b)  1  M  KC1  electrolyte.  Mass  of  the  active 
material  in  every  sample:  3  mg. 


electrolyte  was  greater  than  that  in  neutral  electrolyte  owing  to 
the  participance  of  PANI.  Although  the  CV  shapes  of  the  com¬ 
posite  in  the  two  electrolytes  were  similar  to  those  of  PANI 
(Fig.  5),  the  peak  currents  for  the  composite  were  higher  com¬ 
pared  with  those  for  PANI.  This  improvement  in  current  may  be 
ascribed  to  the  special  nanostructure  of  this  composite.  Based 
on  the  above  analysis,  the  composite  was  more  available  for 
use  in  the  acid  electrolyte  because  the  higher  specific  capac¬ 
itance  could  be  obtained  in  this  electrolyte.  However,  it  was 
well  known  that  the  electrode  material  was  more  applicable  and 
extensive  for  the  application  of  supercapacitors  in  the  neutral 
medium  [18,22].  Thus,  in  order  to  match  the  requirement  of  the 
application  in  supercapacitors,  it  was  very  essential  to  study  the 
electrochemical  properties  of  electrode  materials  in  the  neutral 
medium. 

In  order  to  further  research  the  properties  of  the  PPy/PANI 
composite  electrode,  Fig.  6  shows  the  CV  curves  of  the  compos¬ 
ite  electrode  at  scan  rates  of  10,  20  and  30  mV  s-1.  In  Fig.  6a, 


three  pairs  of  redox  peaks  (P1/P2,  P3/P4  and  P^/P^)  can  be 
found.  They  were  attributed  to  the  redox  process  of  PANI  on 
PPy  nanotubes.  Peak  P1/P2  (0.35/— 0.03  V)  was  assigned  as 
the  redox  transition  of  PANI  between  a  semi-conductive  state 
and  a  conducting  state.  Peak  P3/P4  (0.65/0.4  V)  was  due  to  the 
formation  of  the  p-benzoquinone/hydroquinone  couple  [23,24]. 
Peak  P5/P6  (0. 8/0.6  V)  was  ascribed  to  the  formation/reduction 
of  bipolaronic  pernigraniline  and  protonated  quinonediimine 
[23-25].  With  the  increase  of  a  scan  rate  from  10  to  30  mV  s-1, 
the  peak  current  (Pi)  rapidly  increased  from  10  to  19  A g-1, 
indicating  a  good  rate  ability  of  the  composite  electrode  in 
acidic  solution.  The  same  result  was  also  seen  in  Fig.  6b,  in 
which  the  current  increased  to  some  extent  as  the  scan  rate 
increased. 

Fig.  7  gives  the  galvanostatic  charge-discharge  curves  of 
PPy,  PANI  and  PPy/PANI  composite  electrode  examined  in  1  M 
H2SO4  electrolyte  and  1  M  KC1  electrolyte  at  a  current  density 
of  3  mA  cm-2.  The  specific  capacitance  (Cm)  can  be  calculated 


Fig.  6.  CV  curves  of  PPy/PANI  composite  electrode  at  various  scan  rates  in  (a)  1  M  H2SO4  electrolyte  and  (b)  1  M  KC1  electrolyte.  Mass  of  the  active  material:  3  mg. 
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Fig.  7.  Galvanostatic  charge-discharge  curves  of  PPy,  PANI  and  PPy/PANI  composite  electrode  at  a  current  density  of  3  mA  cm  2  in  (a)  1  M  H2SO4  electrolyte  and 
(b)  1  M  KC1  electrolyte.  Mass  of  the  active  material  in  every  sample:  3  mg. 


Fig.  8.  Galvanostatic  charge-discharge  curves  of  PPy/PANI  composite  electrode  at  current  density  of  3,  5,  10  and  15  mA  cm  2  in  (a)  1  M  H2SO4  electrolyte  and  (b) 
1  M  KC1  electrolyte.  Mass  of  the  active  material:  3  mg. 


according  to  Eq.  (1): 


Discharge  current  density/m  A  cm-2 


Fig.  9.  High-rate  dischargeability  (HRD)  for  PPy/PANI  composite  electrode 
in  (a)  1  M  H2SO4  electrolyte  and  (b)  1  M  KC1  electrolyte.  Mass  of  the  active 
material:  3  mg. 


Fm  —  —  A  T/  v  * ) 

m  A  Vm 

where  /  is  the  charge-discharge  current,  At  is  the  discharge  time, 
A  V  is  the  electrochemical  window  (1  V),  and  m  is  the  mass  of 
active  material  within  the  electrode  (3  mg).  The  specific  capac¬ 
itances  of  PPy,  PANI  and  PPy/PANI  composite  calculated  from 
Fig.  7a  were  230,  336  and  416  F  g_1  at  3  mA  cm-2,  respectively. 
While  the  corresponding  values  from  Fig.  7b  were  197,  244  and 
291  Fg-1. 

Table  1 


The  specific  capacitances  of  the  PPy/PANI  composite  electrode  evaluated 
according  to  Eq.  (1)  at  various  current  densities 


Current  density  (mA  cm  2) 

3 

5 

10  15 

Cm  (F  g  l)  in  acidic  electrolyte 

416 

419 

394  378 

Cm  (Fg_l )  in  neutral  electrolyte 

291 

275 

223  189 
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Fig.  10.  The  Nyquist  plots  of  PPy/PANI  composite  electrodes  in  (a)  1  M  H2SO4  electrolyte  and  (b)  1  M  KC1  electrolyte.  Mass  of  the  active  material:  3  mg. 


Fig.  8  displays  galvanostatic  charge-discharge  curves  of  the 
PPy/PANI  composite  electrode  at  current  densities  of  3,  5,  10 
and  15  mAcm-2.  In  Fig.  8a,  the  curves  behaving  a  mirror-like 
during  the  charge-discharge  process  at  various  current  den¬ 
sities  meant  that  the  PPy/PANI  composite  electrode  owned 
better  electrochemical  capacitance  performance  in  acidic  elec¬ 
trolyte  compared  with  that  in  neutral  electrolyte  (Fig.  8b), 
which  was  consistent  with  the  result  of  CV  test.  And  the  cal¬ 
culated  results  are  listed  in  Table  1 .  The  discharge  capacitance 
of  the  PPy/PANI  composite  electrode  decreased  along  with 
the  increase  of  charge-discharge  current  densities,  which  was 
responsible  to  the  internal  resistance  and  polarization  of  the 
electrode  [26].  The  largest  specific  capacitance  was  419  F  g-1  at 
5  mA  cm-2  in  1  M  H2SO4  electrolyte,  and  291  F  g-1  in  1  M  KC1 
electrolyte  at  3  mA  cm-2.  So  this  composite  electrode  was  more 
favorable  for  the  applications  of  supercapacitors  in  low  current 
density.  It  is  significant  for  the  electrode  material  that  can  afford 
the  higher  specific  capacitance.  Moreover,  the  composite  elec¬ 
trode  had  a  good  rate  capability  in  the  acidic  electrolyte.  The 
specific  capacitance  decreased  from  416  to  378  F  g-1  when  the 
current  density  increased  from  3  to  15  mA  cm-2.  It  only  lost  9% 
of  the  initial  specific  capacitance  even  in  the  charge-discharge 
current  density  up  to  15  mAcm-2.  The  above  studies  proposed 
that  the  composite  electrode  had  a  fast  redox  process,  leading  to 
good  power  ability. 

To  compare  the  power  properties  of  the  composite  electrode 
in  different  electrolytes,  the  high-rate  dischargeability  (HRD) 
of  the  electrode  was  also  employed.  The  HRD  can  be  obtained 
using  Eq.  (2): 

Cd 

HRD(%)  =  —  x  100  (2) 

C 1 

where  Cd  and  C\  are  the  discharge  capacity  of  electrodes  at  a 
certain  current  density  and  1  mAcm-2,  respectively. 

Fig.  9  shows  the  relationship  between  the  high-rate  discharge- 
ability  and  the  discharge  current  density.  It  was  clear  from  Fig.  9 
that  the  specific  capacitance  decreased  with  increasing  current 
density  due  to  the  internal  resistance  of  the  electrode.  The  com¬ 


posite  electrode  exhibited  better  HRD  in  1  M  H2SO4  electrolyte, 
deducing  that  the  power  characteristic  of  this  electrode  was 
improved  in  the  acidic  electrolyte. 

Furthermore,  the  electrochemical  impedance  spectroscopy 
was  also  carried  out  to  prove  the  capacitive  performance  at  the 
open-circuit  potential  in  the  frequency  range  of  0.0 1-1 05  Hz 
with  ac-voltage  amplitude  of  5  mV.  The  typical  Nyquist  plots  of 
PPy/PANI  composite  electrode  are  given  in  Fig.  10.  Firstly,  in 
high  frequency  intercept  of  the  real  axis,  an  internal  resistance 
( Rs )  can  be  observed,  which  included  the  resistance  of  the  elec¬ 
trolyte,  the  intrinsic  resistance  of  the  active  material,  and  the 
contact  resistance  at  the  interface  active  material/current  collec¬ 
tor.  Its  value  was  approximately  0.7  Q  in  1  M  H2SO4  and  1  Q 
in  1  M  KC1  electrolyte.  Secondly,  in  the  medium-to-low  fre¬ 
quency  region,  the  unequal  semicircular  can  be  discovered  in 
different  electrolytes,  as  shown  in  the  up-right  corner  of  Fig.  10. 
The  radius  of  the  semicircular  in  1  M  H2SO4  electrolyte  was 
smaller  than  that  in  1  M  KC1  electrolyte.  Herein,  the  charge- 
transfer  resistance  was  smaller  in  the  acidic  electrolyte.  In  low 
frequency,  the  impedance  plots  exhibited  a  slightly  tilted  ver¬ 
tical  line  of  a  limiting  diffusion  process  in  two  electrolytes, 
which  was  characteristic  feature  of  pure  capacitive  behavior 
[27]. 

4.  Conclusions 

In  this  paper,  the  core-shell  PPy/PANI  composite  with  an 
average  diameter  of  300-500  nm  was  prepared  by  the  poly¬ 
merization  of  aniline  on  the  surface  of  PPy  nanotubes.  The 
electrochemical  proprieties  of  the  composite  as  an  active  elec¬ 
trode  material  were  in  detail  investigated  in  two  different 
electrolytes  by  a  series  of  electrochemical  techniques.  The 
results  showed  that  the  specific  capacitance  of  the  composite 
was  416  F  g-1 ,  approximately  40%  larger  than  that  in  the  acidic 
electrolyte  (291  Fg-1).  At  the  same  time,  the  composite  elec¬ 
trode  showed  a  good  rate  capability  in  the  acidic  electrolyte, 
and  it  only  lost  9%  of  the  initial  specific  capacitance  with  the 
charge-discharge  current  density  up  to  15  mAcm-2. 
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